The nuclear envelope and the nuclear pore are important structures that both separate and selectively connect the nucleoplasm and the cytoplasm. The requirements for specific targeting of proteins to the plant nuclear envelope and nuclear pore are poorly understood. How are transmembrane-domain proteins sorted to the nuclear envelope and nuclear pore membranes? What protein-protein interactions are involved in associating other proteins to the nuclear pore? Are there plant-specific aspects to these processes? We are using the case of the nuclear pore-associated Ran-cycle component RanGAP (Ran GTPase-activating protein) to address these fundamental questions. Plant RanGAP is targeted to the nuclear pore by a plant-specific mechanism involving two families of nuclear pore-associated proteins [WIP (WPP-domain-interacting protein) and WIT (WPP-domain-interacting tail-anchored protein)] not found outside the land plant lineage. One protein family (WIP or WIT) is sufficient for RanGAP targeting in differentiated root cells, whereas both families are necessary in meristematic cells. A C-terminal predicted transmembrane domain is sufficient for targeting WIP proteins to the nuclear envelope. Nuclear-envelope targeting of WIT proteins requires a coiled-coil domain and is facilitated by HSC70 (heat-shock cognate 70 stress protein) chaperones and a class of plant-specific proteins resembling the RanGAP-targeting domain (WPP proteins). Taken together, this sheds the first light on the requirements and interdependences of nuclear envelope and nuclear pore targeting in land plants.
Introduction
Although much is known about the mechanism of targeting proteins to the nucleus and even to sub-nuclear domains [1], there is relatively sparse information on how proteins get targeted to the inner and outer nuclear envelope membranes and to the nuclear pore. Understanding specific NE (nuclear envelope) and NPC (nuclear pore complex) targeting, however, is of great importance given that numerous new NE and NPC-associated activities have recently been identified that promise to shed light on processes as crucial as epigenetics, plant and animal development, and human diseases [2] [3] [4] [5] [6] [7] . This article focuses specifically on what we have learned by following the targeting mechanism of RanGAP (Ran GTPase-activating protein), which is associated with the ONE (outer nuclear envelope) in plants and animals, but not fungi. In a related article in the present issue, Graumann et al. [7a] discuss targeting of SUN proteins to the inner nuclear envelope membrane.
Ran is a small GTPase, which in vertebrates controls multiple cellular processes, including nucleocytoplasmic transport, spindle assembly, nuclear envelope formation, centrosome duplication and cell-cycle progression [8] . Crucial for its roles is the asymmetric distribution of RanGTP and RanGDP, enabled by specific locations of the RanGTPaseactivating protein RanGAP and the Ran-nucleotide-exchange factor RCC1 (regulator of chromosome condensation 1). Whereas vertebrate RCC1 remains chromatin-bound throughout the cell cycle, RanGAP1 migrates from its interphase location at the outer surface of the nuclear pore to its mitotic locations such as the kinetochores [9] [10] [11] . During vertebrate mitosis, RanGTP releases the inhibition of spindle assembly factors by importins [12] and is involved in the spindle assembly checkpoint and spindle-kinetochore interactions [13, 14] . Nuclear envelope re-assembly during telophase depends on the local concentration of RanGTP and its hydrolysis around the daughter chromosomes [15] [16] [17] .
RanGAP, the 'GDP pole' of the Ran gradient, has different subcellular locations in different species. In baker's yeast and some other fungi that undergo closed mitosis (mitosis occurring inside an intact nuclear membrane), RanGAP is predominantly cytoplasmic [18, 19] . However, in vertebrates and land plants, interphase RanGAP is concentrated at the ONE [20, 21] . Mammalian and plant RanGAP are anchored to the NE by two distinct mechanisms [21, 22] . Mammalian RanGAP1 has a unique, sumoylated C-terminal domain that binds to the outer nuclear pore-located nucleoporin RanBP2 (Ran-binding protein 2)/Nup358, and the RanGAP1-RanBP2 interaction is required for both its interphase and mitotic locations [9, 10, 23] . In contrast, plant RanGAPs possess a unique N-terminal domain, which in turn is not conserved in mammalian or yeast RanGAP [24] . This domain, termed the WPP domain after a highly conserved Trp-Pro-Pro motif, is necessary and sufficient for targeting of Arabidopsis RanGAP1 to the NE during interphase, and to specific sites during mitosis and cytokinesis [21, 25, 26] . RanGAP1 is associated with the preprophase band during preprophase, remains associated with the future cortical division site during the rest of mitosis and 'marks' both the growing rim of the cell plate and the site where the cell plate will fuse with the plasma membrane during cytokinesis. RNAi (RNA interference) experiments have suggested that RanGAP plays a role in either the extension or the positioning of the cell plate [26] .
Nuclear envelope targeting of plant RanGAP
As mentioned above, the domain organization of RanGAP differs significantly across kingdoms, with metazoan and plant RanGAPs containing specific and distinct NE-targeting domains at their C-terminus and N-terminus respectively ( Figure 1A ). Metazoan RanGAPs have a C-terminal sumoylated unique domain that binds the nucleoporin RanBP2/Nup358. No RanBP2/Nup358 homologue appears to exist in plants. Plant RanGAPs share a plant-specific N-terminal WPP domain. The WPP motif within the WPP domain is required for the NE targeting, since a mutant version with WPP replaced by AAP is located in the cytoplasm [21] . The WPP domain of plant RanGAP proteins has sequence similarity with a small plant protein family named WPP-domain proteins. Other than the WPP domain, which resembles the N-terminus of RanGAP, this group of proteins has no other functionally recognizable domains ( Figure 1B ). WPP-domain proteins are also associated with the NE (see below) [27] .
WPP proteins are associated with the NE
The first WPP-domain protein identified was tomato (Solanum lycopersicon) MAF1 [MFP1 (matrix-associated filament-like protein 1)-attachment factor 1], a 16 kDa protein. It was identified in tomato through a yeast twohybrid screen with MFP1, a DNA-binding long coiled-coil protein residing in the nucleus and the chloroplast [28] [29] [30] . MAF1 was shown to concentrate at the NE of tobacco (Nicotiana tabacum) suspension culture cells [31] . MAF1-like proteins are widely conserved in land plants, but have no homologues outside the plant kingdom, consistent with a proposed plant-specific role at the NE (see below).
Arabidopsis MAF1 homologues
The Arabidopsis genome encodes three proteins that appear to be the orthologues of MAF1. They were named WPP1, WPP2 and WPP3 for WPP-domain-containing proteins 1, 2 and 3. The subcellular localization of the Arabidopsis WPP family was investigated by expressing WPP1, WPP2 and WPP3 as GFP (green fluorescent protein)-fusion proteins under the control of the 35S promoter in transiently transformed Arabidopsis protoplasts. WPP1-GFP and WPP2-GFP accumulated at the NE and showed an additional diffuse staining in the cytoplasm and nucleus, similar to the localization pattern of MAF1 [21, 27, 31] . In contrast, WPP3-GFP was present in the nucleus and in the cytoplasm but did not accumulate at the NE, resembling the distribution of free GFP. Closer inspection of the sequence alignment (see Figure 2 ) revealed that WPP3 is missing several amino acid residues conserved among the other WPP domain proteins, including RanGAP proteins. WPP3 might therefore be a naturally occurring mutant unable to associate with the NE. On the basis of this finding and its overall very low expression level, WPP3 has received less attention in subsequent studies. Immunogold labelling results for WPP1 shows that it localizes preferentially Yellow indicates similarity in at least 50% of the sequences, orange indicates identity in at least 90% of the sequences and alignment start positions in each amino acid sequence are given on the left. M1-M9, M11 and M12, AtRanGAP1 point mutations. Introduced point mutations are indicated above the alignment with mutated positions boxed. Red boxes indicate mutations which abolish nuclear envelope targeting, black boxes indicate mutations which have no effect on targeting. Ce, Canna edulis; Gm, Glycine max; Le, Lycopersicon esculentum (now Solanum lycopersicum); Ms, Medicago sativa; Os, Oryza sativa; Zm, Zea mays. Secondary structure predictions for AtRanGAP1 using NetSurfP [49] . PSIPRED [49] and Jpred3 [50] are shown underneath the multiple sequence alignment. Blue arrows indicate predicted strands, green boxes indicate predicted helices, and grey shaded areas indicate regions predicted to be buried inside the protein by NetSurfP and Jpred3.
to the ONE in the vicinity of NPCs. It was also redistributed to the cell plate during cytokinesis, similar to RanGAP [27] .
Defining a minimal WPP domain
The WPP motif within the WPP domain is highly conserved in all known WPP-domain proteins and RanGAPs of land plants ( Figure 2 ). The minimal length of the WPP domain for nuclear envelope targeting has been defined in the context of WPP1. The most conserved domain in an alignment of all known WPP domain-containing proteins was found to coincide with the domain predicted to consist of a β-strand and three α-helices, corresponding to helices 1, 3 and 4 predicted in AtRanGAP1 (where At is Arabidopsis thaliana) (Figure 2 ). Residues 28 to 131 in WPP1 were shown to be sufficient for NE targeting, whereas residues 39 to 131 were not ( Figure 1B) , indicating that the central, most conserved, domain of WPP1 is involved in NE targeting and that the less conserved and possibly unstructured short N-and C-terminal domains are dispensable.
Identification of critical residues in the WPP domain
To identify specific residues necessary for nuclear envelope targeting, point mutations were introduced into the WPP domain of Arabidopsis RanGAP1 [25] . The positions to be mutated were chosen on the basis of the highest degree of conservation between plant RanGAPs and WPP-domain proteins (see the multiple sequence alignment in Figure 2 ). Conserved residues were replaced with alanine or, in case the conserved amino acid was an alanine, with serine. The resulting RanGAP mutant proteins were expressed in Arabidopsis protoplasts as fusion proteins with GFP to visualize their targeting. Four mutations were found to abolish NE association of the fusion protein: M2 (changing WPP to AAP), M3, M6 and M7 (boxed in red in Figure 2 ). A comparison with secondary structure predictions places mutation M3 at the start of the first conserved helix, whereas M6 and M7 are approximately in the centre of the other two conserved helices respectively. Mutation of M2 eliminates the WPP motif and is located between the predicted β-strand and the first helix. Consistent with the RanGAP1-M2 results, a matching mutation in Arabidopsis WPP1 also abolished NE targeting [27] . All of the mutations affecting targeting coincide with predictions for their corresponding residues being buried inside the proteins (grey shaded areas in Figure 2) . It is therefore possible that mutating them may result in a structural destabilization or conformational change of the WPP domain.
Proteins involved in targeting plant RanGAP to the NE
After identifying the WPP domain and WPP motif as required for NE targeting, interaction partners were sought with binding specificities mimicking the targeting requirements. The first WPP-domain-interacting protein, WIP1, was identified in a yeast two-hybrid screen using Arabidopsis RanGAP1 as bait. WIP1-like proteins were identified from rice, tomato, wheat, maize and several other higher plant species. In Arabidopsis, At5g56210 (WIP2) and At3g13360 (WIP3) encode two proteins most closely related to WIP1 [32] . Two alternative splicing forms of WIP2 exist, the longer, primarily studied WIP2a and a shorter WIP2b lacking the N-terminal domain. All WIP-like proteins share similar domain structures, including a predicted NLS (nuclear localization sequence), a coiled-coil domain and a C-terminal putative TMD (transmembrane domain) ( Figure 1C ). This domain structure was named CC-TMD for coiled-coil-TMD. No WIP-like proteins have been identified from non-plant species.
Domain mapping by yeast two-hybrid analysis showed that the RanGAP1 WPP domain and the WIP1 coiledcoil domain were necessary and sufficient for RanGAP1-WIP1 interaction. Interactions were also found between WIP2a and WIP3 and the WPP domain of RanGAP1, and similar results were obtained for RanGAP2, although not all interactions could be demonstrated when using the fulllength RanGAP1. This was interpreted as probably being due to steric hindrance in yeast, consistent with the fact that all WIP-RanGAP interactions could be confirmed in planta. Homo-and hetero-dimerization between WIP family members was also investigated. No dimerization was found for WIP3, whereas WIP2a-WIP2a and WIP2a-WIP1 dimerization were shown (Figure 3) . WIP1 could not be tested for homodimerization in yeast two-hybrid experiments because it activates transcription when fused to the GAL4 DNAbinding domain. The WIP1 coiled-coil domain was found to be sufficient for heterodimerization with WIP2a [33] .
GFP-WIP1, GFP-WIP2a and GFP-WIP3 were all shown to associate with the Arabidopsis root NE, and ultrastructural work indicated that WIP1 is associated with the ONE, probably at the NPC. BiFC (bimolecular fluorescence complementation) showed that WIP1-RanGAP1, WIP2a-RanGAP1, WIP3-RanGAP1, WIP1-WPP1, WIP2a-WPP1 and WIP3-WPP1 complexes all formed at the NE in Nicotiana benthamiana protoplasts [33] . In a plant carrying knockout alleles for WIP1, WIP2a and WIP3, RanGAP1 and RanGAP2 association with the NE was lost in undifferentiated cells, indicating that in this cell type, WIPs are redundantly required for RanGAP NE anchoring, most likely attaching RanGAP at the outer surface of the nuclear pore.
Domain requirement for the subcellular targeting of WIP1
If WIPs anchor RanGAP to the nuclear envelope, one would predict that WIP targeting to the NE is independent of the RanGAP1-binding domain and the best candidate for anchoring WIPs to the NE is the C-terminal TMD. Xu et al. [33] performed a limited deletion analysis to address this question (see Figure 1B) . Whereas the N-terminal 312 amino acids were dispensable for NE targeting, the immediately C-terminal 36 amino acids were both necessary and sufficient. This fragment contains the predicted TMD and a highly conserved C-terminal four amino acid sequence (VVPT). Deleting this four amino acid motif in the context of the full-length protein significantly impaired NE-targeting.
In addition, a fusion of GFP to the C-terminus of WIP1 disrupted NE targeting, indicating that the free C-terminus is required for the mechanism. Together, these results indicate that WIP1 is targeted to the NE via its C-terminus, probably by direct membrane association.
WIP1 contains a NLS
WIP1 with a deletion of the C-terminal 36 amino acids (WIP1 TDF) is imported into the nucleus. Inspection of the amino acid sequence revealed a putative bipartite NLS at amino acids 75-101. Mutagenesis of three pairs of basic amino acids within this motif led to the exclusion of WIP1 TDF from the nucleus, suggesting that in the absence of the C-terminal NE anchor, the NLS is functional (see supplementary data in [33] ). It was also shown that when WIP1 TDF was co-expressed with RanGAP1, both proteins partitioned between the nucleus and the cytoplasm, indicating that they affect each other's localization and that a WIP1 TDF-RanGAP1 complex can enter the nucleus [34] . There is currently no evidence for a native form of a WIP1 equivalent of WIP1 TDF, but it is interesting to speculate that proteolytic cleavage of NE-anchored WIPs could lead to nuclear entry of RanGAP1 in response to specific signals.
A second class of CC-TMD proteins at the plant NE
Using Arabidopsis WPP1 and WPP2 as baits for tandemaffinity purification coupled with MS, a second, related, class of CC-TMD proteins was identified. Two proteins were identified on the basis of peptide sequences, encoded by the Arabidopsis genes At5g11390 and At1g68910. The two proteins have a high degree of amino acid similarity and share with the WIP family the presence of a coiled-coil domain in the C-terminal half of the open reading frame followed by a C-terminal putative TMD ( Figure 1C ). Similar to WIP1, 2a and 3, WIT1 (WPP-domain-interacting tail-anchored protein 1) and WIT2 are necessary for RanGAP association with the NE in root tip cells [35] .
WIT1 (WIT2 has not yet been cloned) is located at the NE in both undifferentiated and differentiated Arabidopsis root cells. Live imaging of GFP-WIT1 transgenic roots suggested that GFP-WIT1 decorates the nuclear envelopes in a dotted pattern indicative of an association with nuclear pores. To investigate the domain requirement for NE targeting of WIT1, two different WIT1 deletion constructs fused to GFP were visualized in Arabidopsis root cells. GFP-WIT1 TM represents amino acids 1-660 (sequences upstream of the predicted TMD) and GFP-TM WIT1 has GFP fused to the C-terminal 43 amino acids. Only a fraction of GFP-TM WIT1 was found associated with the nuclear periphery, suggesting that the TMD of WIT1 was partially capable of directing GFP to the NE. In contrast, GFP-WIT1 TM was clearly associated with the NE, suggesting that, unlike WIP1, the C-terminal TMD of WIT1 is not necessary for NE association. One possible interpretation is that WIT1 does not require direct membrane association but can be held at the NE via additional protein-protein interactions (see below).
Role of chaperones in NE targeting
When GFP-WIT1, driven by the 35S promoter, was expressed in different transient transformation systems, large aggregate-like fluorescent bodies were found in the cytoplasm. Studies in animals had suggested that some tail-anchored proteins with very hydrophobic TMDs form insoluble aggregates unless assisted by chaperones and that the Hsc70-Hsp40 (heat-shock protein 40) chaperone complex assists in their membrane delivery [36] [37] [38] . Because both WIT1 and HSC70 had been found in an in vivo complex with WPP1 and WPP2, HSC70 as well as WPP1 and WPP2 were tested for their effect on WIT1 localization [39] .
Co-agroinfiltration of GFP-WIT1 with HSC70-1, WPP1 or WPP2 led to a significantly reduced number of WIT1 aggregates, all three proteins were shown to interact with GFP-WIT1 in vivo and WIT1 was demonstrated to interact with endogenous Arabidopsis HSC70. HSC70-3, a protein closely related to HSC70-1, interacted with WIT1 weakly and had no effect on its aggregation status, suggesting a specific interaction between only some members of the HSC70 family and WIT1 (Figure 3) . A mutant version of WPP1 (WPP/AAP), with a change in two amino acids critical for WIT1 binding, also had no ability to prevent GFP-WIT1 from aggregating, further supporting the notion that direct interaction between WIT1 and WPP1 was required. Together, these findings suggested that HSC70 has a role in preventing WIT1 from aggregating and, surprisingly, that WPP proteins could play a related role.
Testing deletion constructs of WIT1 revealed that, although HSC70 and WPP proteins played similar roles, they were not fully redundant. A truncated version of WIT1, containing the coiled-coil domain but lacking the TMD, also formed aggregates, and both WPP2 and HSC70-1 significantly reduced the number of GFP-WIT1 1−660 aggregates. However, although HSC70-1 prevented aggregate formation of GFP-WIT1 1−660 , it did not assist in its NE targeting. In contrast, WPP2 not only reduced the number of aggregates but also increased the number of cells with GFP-WIT1 1−660 at the NE. When only the C-terminal domain of WIT1 was expressed, HSC70-1 caused a decrease in the number of aggregates, whereas WPP2 had no significant effect. Together, this suggests that WPP proteins require domains contained between amino acids 1 and 660 of WIT1 to act on WIT1, and that although HSC70 primarily prevented WIT1 aggregation, WPP proteins appeared to have an additional function in targeting the protein to the NE (Figure 4) .
Outlook: WPP-domain proteins, a new, plant-specific class of co-chaperones?
Recently, two independent ATP-dependent protein complexes [Hsc70-Hsp40 and TRC (TMD recognition or by active transport, the WIT1-WIP1 heterocomplex reaches its final destination, the nuclear pore complex, where it serves the function of anchoring RanGAP.
complex)] have been implicated as cytosolic factors that can stimulate membrane insertion of tail-anchored proteins in vitro [36, 37] . Accordingly, HSC70-1 may act by increasing the solubility of WIT1 and therefore keeping WIT1 insertion-competent, as shown for yeast Hsc70 [40] . In addition, it may represent a TMD-mediated targeting factor for WIT1, as suggested for mammalian Hsc70 [36] .
It is surprising that WPP1 and WPP2 were even more competent to decrease aggregation of WIT1 and facilitate its targeting to the NE than HSC70-1 [39] . Both WIT1-binding and a capability of WPP1 to decrease the aggregation of WIT1 required the WPP motif, suggesting a requirement of specific protein-protein interactions for this process. Interestingly, the overexpression of WPP1 or WPP2 was sufficient to cause this effect in the absence of overexpressed HSC70-1. This could either indicate that WPP proteins interact with endogenous N. benthamiana HSC70, or that they function independently of HSC70 in preventing GFP-WIT1 aggregation. The described properties of WPP-domain proteins resemble those of HSC70 co-chaperones. For example, yeast Hsp40 stimulates post-translational insertion of prepro-α-factor into microsomes by preventing its aggregation in vitro [40] . Several mammalian co-chaperones act synergistically with Hsc70 to suppress the aggregation of proteins [41] [42] [43] [44] .
The model presented in Figure 4 proposes that WPPdomain proteins represent cytoplasmic factors involved in the delivery/targeting of WIT1, acting by binding to the coiled-coil domain and possibly facilitating protein-protein interactions at the ER (endoplasmic reticulum) membrane. The receptors at the ER membrane could be either previously inserted WIT1 itself or WIP1. WIP1 is properly localized even when overexpressed in N. benthamiana and has a TMD that is less hydrophobic than that of WIT1. Therefore, it is possible that WIP1 targeting occurs via unassisted insertion. It has been previously shown that WIT1 has high affinity for WIP1 binding and that WIP1 is more likely to form heterodimers with WIT1 than homodimers [35] . The role of WPP-domain proteins in this scenario would primarily be to prevent the aggregation of the coiled-coil domain of WIT1, and to thereby enable correct WIT-WIP protein-protein interaction.
Interestingly, and in support of the model presented here, a majority of tail-anchored SNAREs (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptors) and golgins (proteins characterized by a presence of a coiled-coil domain) require at least part of the coiled-coil domain, in addition to the TMD, for their proper membrane targeting. Thus, targeting of the v-SNAREs (vesicle SNAREs) Vamp1, Vamp2 and Vamp8 to the ER membrane requires ATP and ER receptor-mediated recognition of a portion of the cytoplasmic coiled-coil domain, in addition to the TMD [45] . The TMDs of the mammalian SNARE syntaxin-5, as well as the golgins giantin and golgin-84, were shown to be dispensable for their Golgi localization. Instead, cytoplasmic domains of approx. 100 residues, containing coiled-coil domains of all three proteins, were required for their proper targeting [46] . Furthermore, it was demonstrated that targeting of giantin to the Golgi depends on a bipartite motif within its fourth coiled-coil domain, conferring an initial step of ER insertion [47] and subsequent Golgi localization [46] .
The interaction of WPP-domain proteins with HSC70 [39] suggests that this complex might be involved in delivery/targeting of more than one substrate protein (Figure 4) . In support of this model, tomato MAF1 was shown to associate with another coiled-coil protein at the Golgi [48] . More studies are needed to confirm this proposed more general role of WPP-domain proteins in targeting other coiled-coil proteins to their specific membranes.
